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We present a novel mechanism for realistic electroweak symmetry breaking in Twin Higgs/neutral
naturalness models where the Z2 exchange symmetry can remain exactly unbroken. The exchange
symmetry in the Yukawa sector will be implemented as an “N-trigonometric parity” sinN h
f
↔
cosN h
f
. The Yukawa couplings will be suppressed leading to an N-suppressed Higgs quadratic
term, without significantly affecting the quartic. We present a concrete implementation of this idea
for general (odd) values of N using maximal symmetry, and a realistic benchmark model for N = 3.
We find that the tuning in the resulting Higgs potential is negligible, and also show that two-loop
N-suppression violating gauge contributions can be sufficiently small.
I. INTRODUCTION
Obtaining a natural model of electroweak symmetry
breaking (EWSB) is one of the biggest challenges in par-
ticle physics. Within the standard model (SM) the Higgs
potential is quadratically sensitive to UV scale physics
and is not calculable. In supersymmetric or composite
Higgs extensions the UV sensitivity is softened to a log-
arithmic sensitivity, and in some cases the entire Higgs
potential can be finite and calculable. This softening is
achieved by introducing colored top partners and elec-
troweak gauge partners with equal (composite Higgs) or
opposite (supersymmetry) spins. However, direct exper-
imental searches from the LHC are starting to put strin-
gent lower bounds above 1 TeV on these partners, render-
ing these models tuned at the percent level. A possible
way around these bounds is neutral naturalness [1–6],
where the partners responsible for the softening of the
Higgs potential are not charged under the SM interac-
tions, and in particular the top partners would not carry
color under ordinary QCD, but rather under a hidden
“twin color”. In this case the direct experimental bounds
will be much weaker and a natural EWSB can still be
hoped for. The most prominent models with neutral nat-
uralness are the Twin Higgs Models (THM) [1, 2] where
a Z2 exchange symmetry enforces the cancellation of the
leading UV sensitivities both in the top and the gauge
sectors. In these models (as in ordinary composite Higgs
models [7–14]) the Higgs is also a pseudo-Goldstone bo-
son (pNGB) of a spontaneously broken global symmetry.
In ordinary THM’s the Z2 symmetry has to be broken:
without such breaking it is usually very difficult to obtain
a hierarchy between the pNGB Higgs VEV 〈h〉 and the
global symmetry breaking scale f , 〈h〉/f  1. Such a Z2
breaking usually reintroduces the quadratic dependence
of the Higgs potential on some of the partner masses, and
as a consequence brings back some of the tuning (usually
of order 10%).
In this paper we introduce a novel way of generat-
ing the 〈h〉/f hierarchy in THM’s without breaking the
Z2 symmetry. The essence will be based on the “N-
suppression mechanism”. We will consider a case where
the implementation of the Z2 symmetry in the top sector
is in the form
sin
Nh
f
↔ cos Nh
f
(1)
for some odd integer N . We will see that this will im-
ply that the top Yukawa couplings depend on sin Nhf
or cos Nhf , strongly reducing the value of the Yukawa
coupling. This will result in a 1/N2 suppression of the
quadratic term in the Higgs potential, while the quartic
will be essantially unchanged. As a result the structure
of the Higgs potential will be modified, and generating
the 〈h〉/f hierarchy (and hence natural EWSB) will be
achieved without significant tuning. The exact Z2 sym-
metry in this model will result in light hidden fields, such
as the twin photon and twin neutrinos, which generically
result in significant contributions to the radiation density
and Neff , in conflict with recent cosmological observa-
tions [15]. This tension can be resolved by breaking the
Z2 symmetry in the light lepton sector, for example via
mixings among the neutrinos and twin neutrinos [16].
This can lower the decoupling temperature between the
two sectors while giving negligible Z2 breaking contribu-
tions to the Higgs potential. For other ways to obtain
realistic cosmologies in mirror THM’s see [17].
The paper is organised as follows. In section II we
present the essence of the N-suppression mechanism. We
analyze the consequences on the Higgs potential and
show what limit is needed in order to have a realistic
tt¯h coupling for this model. In Sec. III we show how to
implement our N-suppression mechanism in a concrete
model using additional Dirac fermions and maximal sym-
metry, and then focus our attention on theN = 3 realistic
benchmark model. The structure of the Higgs potential
ar
X
iv
:1
91
0.
14
08
5v
1 
 [h
ep
-p
h]
  3
0 O
ct 
20
19
2and the analysis of the tuning is presented in Sec. IV,
while in Sec. V we comment on the magnitude of two-loop
N-suppression violating effects. We conclude in Sec. VI,
while the Appendices we present the gauge sector of the
model (App. A) as well as the discrete symmetries needed
to ensure N-suppression for general N (App. B).
II. N-SUPPRESSION
Twin Higgs models [1, 2] use a Z2 exchange symmetry
between the SM and the twin sector to efficiently soften
the Higgs potential. This Z2 could for example originate
from the Higgs trigonometric parity (TP) [18] naturally
present in symmetric coset spaces. However the Higgs
VEV in the presence of this Z2 symmetry is too large
for realistic EWSB. Hence one usually assumes that the
Z2 symmetry is broken either in the top or in the gauge
sector. This will allow a realistic Higgs VEV at the price
of reintroducing at least 10 percent fine tuning in the
Higgs potential.
Here we propose a new mechanism to obtain natural
and realistic EWSB in twin Higgs models without the
need for breaking the Z2 symmetry at all. The novel in-
gredient in our model is that the effective Yukawa terms
only depend on sin(Nh/f) and cos(Nh/f), rather than
sin(h/f) and cos(h/f) as it is usually assumed. In this
case the Z2 Twin Higgs exchange symmetry will be im-
plemented in the top sector as a TP corresponding to the
exchange symmetry between sin(Nh/f) and cos(Nh/f)
where N is an odd integer. The beauty of this idea is that
while the full Z2 can remain exactly unbroken, the struc-
ture of the Higgs potential can significantly differ from
the traditional case and provide a realistic EWSB mini-
mum without the need of breaking the Z2 symmetry at
all. In particular this setup with the “N-trigonometric
parity” will significantly reduce the magnitude of the
Yukawa coupling, which will result in the suppression of
the Higgs quadratic term while leaving the quartic term
essentially unchanged. In the rest of this section we will
give a more detailed overview of this mechanism, while in
the next section we present the general mechanism that
will actually generate the sin(Nh/f)(cos(Nh/f)) depen-
dent effective Yukawa terms.
In ordinary twin Higgs models, a twin top t˜ (which is
a SM singlet but a triplet under twin QCD SU(3)′c) is
introduced to implement the t˜↔ t Z2 exchange symme-
try. The presence of this exchange symmetry will ensure
that the trigonometric parity transformation
h
f
→ −h
f
+
pi
2
, sin
h
f
↔ cos h
f
(2)
is left unbroken by the top sector. We can impose in
addition maximal symmetry [19], which will imply that
only the Yukawa couplings will be Higgs dependent in
the effective Lagrangian of the top sector (after integrat-
ing out the heavy vectorlike fermions). Our new ingre-
dient will be the assumption that the effective Yukawa
couplings actually depend on sin(Nh/f) and cos(Nh/f)
(rather than sinh/f and cosh/f as usual). We will moti-
vate this assumption in the next section, for now we will
just explore what the consequences of a Yukawa coupling
of the form
LYuk.t = y′tf t¯LtR sin(
Nh
f
) + y˜′tf
¯˜tLt˜R cos(
Nh
f
) + h.c. (3)
would be. The effect of the Z2 TP in Eq.(2) on these
trigonometric functions (if N is an odd integer) is
sNh ↔ cNh, forN = 4n+ 1
sNh ↔ −cNh, forN = 4n+ 3, (4)
where sNh ≡ sin(Nhf )(cNh ≡ cos(Nhf )). Hence the Z2
exchange symmetry is maintained by the Yukawa cou-
plings if y′t = ±y˜′t with the sign determined by N mod 4
as in Eq.(4). After integrating out the fermions theO(y′2t )
terms in the Higgs potential will cancel due to this “N-
trigonometric parity” (sNh ↔ ±cNh), and the leading
order contributions will be at O(y′4t ) of the form
Vf (h) = ct
Ncy
′4
t f
4
(4pi)2
(
s4Nh + c
4
Nh
)
, (5)
where Nc = 3 is the number of (ordinary and twin) col-
ors, ct ' log(Λ2f/m2t ) and Λf < 4pif is the cut-off scale in
the fermions sector. It is then easy to find the VEV cor-
responding to the minimum of the Higgs potential from
the top-twin-top sector Vf :
〈h〉
f
=
pi
4N
. (6)
The natural value of 〈h〉/f is suppressed by N and it
can be much smaller than 1 if N > 3! The origin of the
naturally small Higgs VEV is due to the strong suppres-
sion of the Higgs quadratic term in the Higgs potential
(while the quartic has no additional suppression). In or-
der to explicitly see this, we first need to clarify the re-
lation between y′t and the SM Yukawa coupling yt. The
top acquires a mass after electroweak symmetry breaking
(EWSB), 〈h〉 = vSM ,
mt = y
′
tfsNh ≡ ytvSM . (7)
Using the above expression, we find that the deviation of
top Yukawa coupling from its SM value is
y′tth
yt
≈ N
√
ξ cot(N
√
ξ), (8)
where y′tth is the physical top Yukawa coupling in our
model while ξ ≡ s2h ≈ (vSM/f)2 is the usual parameter
that measures the hierarchy between vSM and f . Exper-
imentally we know that
y′tth
yt
should be close to 1 (devia-
tions of order 10 percent are still possible), hence we need
to ensure N
√
ξ  1. While the natural value of ξ from
the top sector alone from Eq. (6) would not satisfy this
3relation, we will see in a moment that adding the gauge
contribution to the potential will automatically rectify
this (at least for not too large values of N) and ensure
that the relation N
√
ξ  1 be satisfied. This will also
imply Nh/f  1, and thus the approximate expression
for the top mass is mt ≈ Ny′tvSM . Hence we finally find
that y′t is suppressed by N compared to the SM Yukawa
coupling
y′t ≈
yt
N
. (9)
Once we established the expression for y′t and that
Nh/f  1 we can expand the Higgs potential of the
top sector Vf in term of sh up to O(s4h) to find
Vf (h) ≈ ct 2Ncy
4
t f
4
(4pi)2
(
− 1
N2
s2h +
4N2 − 1
3N2
s4h
)
. (10)
As promised, we find that the s2h term is suppressed by
N2 while s4h term is almost unchanged compared to the
N = 1 case of the ordinary twin Higgs. This suppression
is the reasons why the Higgs VEV is naturally small.
However we still need to add the contributions of the
gauge sector - we just saw above that those are impor-
tant as well. In the gauge sector we assume that the im-
plementation of the Z2 TP is the same as in the ordinary
twin Higgs model and we summarize it in App. A. The
gauge contribution is at O(g4) and can be parametrized
as
Vg(h) = −cg 9g
4f4
64(4pi)2
(
s4h + c
4
h
)
, (11)
where cg ≈ log(Λ2g/m2W ) and Λg is the cut-off scale in
the gauge sector. The full potential can thus be param-
eterized as
V (h) ≈ −( γf
N2
− γg)s2h +
4
3
γfs
4
h, (12)
where we defined γf ≡ 2ctNcy4t f4/(4pi)2 and γg ≡
9cgg
4f4/(32(4pi)2), and neglected the s4h term from gauge
sector because γg  γf . We can easily find the Higgs
VEV and mass for this potential
ξ ≈
γf
N2 − γg
8γf/3
, m2h ≈
32γfξ(1− ξ)
3f2
. (13)
Since the s4h term is almost the same as in the ordinary
twin Higgs model (see for example[18]) and insensitive
to the cut-off scale, one can take Λf very high while still
keeping a naturally light Higgs.
The only tuning in this model comes from the neces-
sary cancellation in the s2h between the top and the gauge
sectors, which is needed to ensure N
√
ξ  1. In generic
composite Higgs models γg is much smaller than γf so
one might worry this is a serious source of tuning. The
beauty of our mechanism is that the N-suppression will
reduce the effective γf such that it’s magnitude can be
automatically of the same order as γg and the partial
cancelation can be natural without much tuning, as long
as N is not too large, for example N = 3. Note that this
cancelation here is very different from the usual sources of
tuning in Twin Higgs models. Generic Twin Higgs mod-
els introduce an explicit Z2 breaking term in order to
obtain the correct EWSB minimum, which will reintro-
duce a quadratic dependence to the cutoff scale Λg or Λf
resulting in some tuning in these models. For example, if
the gauge sector breaks the Z2 symmetry, the tuning is
around 10% for gauge boson partner masses lighter than
3 TeV (with ξ = 0.1 fixed) but increases linearly with the
square of partner’s mass for masses heavier than 3 TeV
[18]. Using the N-suppression mechanism proposed here
will allow us to keep the Z2 TP completely unbroken and
still obtain a realistic EWSB minimum for the Higgs po-
tential, hence the cutoff dependence is never reintroduced
here, and the tuning will be much smaller than in exist-
ing TH models. We will present a detailed discussion of
the tuning in Sec. IV.
III. REALIZATION OF N-SUPPRESSION
In this section we focus on how to generate a sin(Nh/f)
(cos(Nh/f)) dependent effective Yukawa coupling to re-
alize N-suppression based on the maximally symmetric
twin Higgs model. The minimal coset space to real-
ize the twin Higgs mechanism in the gauge sector is
SO(8)/SO(7). Our setup for the gauge sector will be
the same as the usual SO(8)/SO(7) twin Higgs model
and we summarize it in App. A. In this coset space, the
physical Higgs is identified with the SO(2) rotation an-
gle between 4th and 8th directions of SO(8). In unitary
gauge, the pNGB matrix is
U = ei
√
2
f h
aˆT aˆ =

13 0 0 0
0 cos hf 0 sin
h
f
0 0 13 0
0 − sin hf 0 cos hf
 , (14)
where T aˆ’s are the broken generators. Since U is just the
SO(8) element and h/f is the rotation angle we can find
the key point to get sin(Nh/f) (cos(Nh/f)) is that we
must insert N pNGB matrix U in effective Yukawa term:
UN = U(h→ Nh).
A. General Mechanism to Generate UN Yukawa
Term
To ensure that the top Yukawa interaction is the only
Higgs dependent term in the low-energy effective La-
grangian, we will make use of maximal symmetry. As
explained in [20], maximal symmetry is a global SO(8)
symmetry in the massive fermion sector, which is a sub-
group of the chiral symmetries of the fermions. This
leftover global symmetry guarantees that the Higgs shift
4symmetry remains unbroken by effective kinetic terms
and is only broken by the effective top Yukawa terms.
Hence only the effective top Yukawa term will be Higgs
dependent. In addition we will assume that the shift
symmetry is collectively broken by the Yukawa couplings
in the top sector containing additional massive fermions
in a special “chain form”. The top mass will be collec-
tively generated through these mixing terms and will give
rise to the desired UN dependence. Next we will discuss
how to realize this special collectively generated top mass
using maximal symmetry.
The UV completed SO(8)/SO(7) CHM can be con-
structed based on an extra dimension or its deconstructed
version. On the elementary site, the SU(2)L × U(1)Y as
well as SU(2)′L × U(1)′Y subgroup of global symmetry
SO(8)el are gauged corresponding to the usual and twin
EW gauge symmetries. The SM and twin SM fermions
live on the elementary site and we embed the left hand
doublets (qL, q˜L) in the fundamental representation of
SO(8)el as
ΨqL =
1√
2

ibL
bL
itL
−tL
0
0
0
0

, Ψq˜L =
1√
2

0
0
0
0
ib˜L
b˜L
it˜L
−t˜L

, (15)
while the right handed tR and t˜R are treated as SO(8)el
singlets. After we integrate out all the composite modes,
there will only be one elementary global SO(8) sym-
metry left in the effective Lagrangian. The pNGB
fields will show up as the linearly realized sigma field
Σ′ = UV U† in symmetric representation of SO(8) or
H = UV which is in the fundamental representation of
SO(8), with the transformations under the global sym-
metry acting as Σ′ → gΣ′g† and H → gH. Where the
Higgs parity operator V = diag(1, 1, 1, 1, 1, 1, 1,−1) and
V = (0, 0, 0, 0, 0, 0, 0, 1) are separately the symmetric and
vector-like VEV that break SO(8) to SO(7). Both can
be assumed to originate from some scalars VEVs that
break SO(8) to SO(7) at some UV scale.
In order to realize the novel structure of interactions
including UN in the low energy effective Lagrangian, we
must introduce the additional Dirac fermions Ψi (Ψ˜i)
forming complete vector representations of SO(8) and
SU(3)c (SU(3)
′
c) at the elementary site. These will mix
with the SM and twin tops. The key ingredient for ob-
taining a UN dependent top Yukawa is the particular pat-
tern of collective breaking of the Higgs shift symmetry by
the Yukawa couplings of Ψi (Ψ˜i) shown in Fig. 1, where
we introduce n multiplets (N = 2n + 1). In addition,
we have to ensure the emergence of maximal symmetry
which will protect the effective kinetic terms from Higgs
dependent corrections in the low energy effective theory.
To achieve this, the masses of Ψi (Ψ˜i) should be twisted
Mn V
′
ΨnL
H
tR
Ψ3L
M3V
′
Ψ3R
Σ′
Ψ2L
M2V
′
Ψ2R
qL
Σ′
ΨnR
FIG. 1: Yukawa couplings between the fermion multiplets
that collectively break the pNGB shift symmetry in a special
“chain form”. There is a similar construction for the twin
sector.
by V ′ = diag(1, 1, 1, 1,−1,−1,−1,−1) to explicitly break
the chiral global symmetry SO(8)L × SO(8)R of each of
these Dirac fermions to the SO(8)V ′ subgroup identified
with maximal symmetry. Note that the choice of V ′ as
the mass term preserves the EW and twin EW gauge
symmetries while at the same time ensures the proper
breaking of the global symmetries. With this symmetry
breaking pattern the low-energy effective Lagrangian will
have the form (after integrating out the massive Dirac
fermions)
LYuk.t ∼M t1Ψ¯qLΣtR + M˜ t1Ψ¯q˜LΣt˜R + h.c., (16)
where Σ = Σ′V ′Σ′ · · · V ′H. Notice that V ′ has the same
effect as the Higgs parity V acting on the pNGB Higgs
matrix, UV = V U† and UV ′ = V ′U†. Thus we can
easily show that
Σ = U2n+1V =
 0sNh0
cNh
 , (17)
where N = 2n + 1 is an odd integer (in agreement with
our earlier claim in Sec.II that the N-suppression mech-
anism requires an odd N). Thus we have shown how to
explicitly realize the effective Lagrangian in Eq.(3). In
general one would expect that all Dirac fermion multi-
plets could arbitrarily mix with each other because they
all transform under the same global symmetry SO(8)el,
which would result in additional U i (i < n) dependent
terms in the effective Lagrangian, potentially ruining our
N-suppression mechanism. However we can impose a Z2
parity which will enforce the mixing pattern displayed
in Fig. 1. The details of this Z2 parity are shown in
App. B. Notice that in principle we could have also cho-
sen the unit matrix instead of the twisted V ′ to realize
maximal symmetry, which would also preserve the gauge
symmetries. This case however would not give us the
hoped-for UN dependence in the effective action, since
using Σ′Σ′ = 1 in the case of the unit mass matrix the
Σ′ dependence would drop out.
5B. Benchmark Model With N = 3
In this subsection we present the detailed discussion
of the N = 3 case, where only one elementary multiplet
needs to be introduced. Clearly N = 3 is the simplest
model implementing our ideas, but beyond minimality
there is a second reason why we need to limit the size
of N : the cutoff scale of the gauge sector (and hence
the mass of the gauge partner mρ) will rapidly decrease
with the increase of N . The reason behind is that the
overall γ = γf/N
2 − γg and γf are almost fixed positive
values set by the Higgs mass (see eq. (13)). Hence if
N increases γg must decrease if we want to keep γ fixed.
However γg is only lograithmically sensitive to mρ, hence
the increase in N will require a drastic decrease in mρ,
which will quickly become lighter than the experimental
bound. This argument provides another motivation for
the N = 3 choice for our benchmark model.
As we explained before, on the elementary site we in-
troduce the Dirac fermion Ψ and Ψ˜ which are triplets
under QCD/twin QCD as well as forming complete vec-
tor representations of the global SO(8) symmetry. We
assume that the mass terms of Ψ and Ψ˜ are twisted by
V ′ which breaks the chiral global symmetry SO(8)L ×
SO(8)R to the SO(8)V ′ maximal symmetry so that the
effective Yukawa coupling is the only Higgs dependent
term in the effective Lagrangian. In addition, we should
also preserve the Higgs TP, which is the combination of a
pi/2 rotation in the Higgs direction with the Higgs parity
V . The combined transformation has the form
Ph1 =
 13 −1
13
−1
 , (18)
and U transforms under TP as U → Ph1 UV † = U(sh ↔
ch). In order to preserve TP, the fermion interactions
should be invariant under the Z2 exchange symmetry be-
tween the SM sector and the twin sector defined as
ΨqL ↔ P Ψ˜qL , tR ↔ t˜R, Ψ↔ P Ψ˜,
U → PUV †P0 = U(sh ↔ ch), (19)
where P is an operator implementing the exchange of the
top and the twin top of the form
P = P0P
h
1 =
(
0 14
14 0
)
, P0 =
 13−1
13
−1
 .(20)
P0 acts trivially on the Higgs pNGB matrix and com-
mutes with Ph1 , U and V . Using the Yukawa cou-
plings shown in Fig. 1, we can easily write down the
Lagrangian invariant under the Z2 exchange symmetry
and the SO(8)V ′ maximal symmetry:
Lf = q¯Li /DqL + t¯Ri /DtR + Ψ¯i /DΨ
− LfΨ¯qLΣ′ΨR −MΨ¯RV ′ΨL − RfΨ¯LHtR
+
(
qL, tR,Ψ,M → q˜L, t˜R, Ψ˜,−M
)
+ h.c., (21)
whereDµ = ∂µ−i(gW aµ τaL+g′Bµτ3R)−i(g˜W˜ aµ τ˜aL+g˜′B˜µτ˜3R)
where τaL,R and τ˜
a
L,R are the SU(2)L,R and their mirror
SU(2)′L,R generators.
As in [20], the twisted mass terms of the elementary top
partners can be assumed to originate from their Yukawa
couplings to a scalar Φ in the symmetric representation
of the global SO(8) which acquires a VEV V ′ at some
higher energy scale to break the global symmetry SO(8)
to SO(4)1 × SO(4)2. We emphasize again that V ′ is the
only choice (besides the identity) that preserves the gauge
symmetries. The NGBs from this scalar multiplet can get
sufficiently large mass corrections from the gauge loop or
also from the tree level term Tr[V ′Φ]2, which explicitly
breaks SO(8) to SO(4)1×SO(4)2. In order to obtain the
correct Yukawa couplings, we impose three different Z2
symmetries: one each for the fields ΨqL , Ψ and tR and
assume they have odd parity under their corresponding
Z2 symmetry, while even under the other two. Hence
ΨqL has parities (−,+,+), Ψ has (+,−,+) while tR has
(+,+,−). If we also assume that the pNGB fields Σ′
and H have the parities (−,−,+) and (+,−,−) under
the Z2 × Z2 × Z2 symmetry, one can easily check that
the terms in (21) are the only ones allowed by the Z32
symmetry. The direct mixing of qL and Ψ as well as
the Yukawa coupling of qL and tR are both Z2 odd and
thus forbidden. The parities of the pNGB fields can be
assumed to originate from the scalars at the last site in
the SO(8)/SO(7) moose diagram whose VEV V or V
break the gauged SO(8) at the last site to SO(7), similar
to the set up considered in [20]. This Z32 symmetry can
be easily generalized to a ZN2 symmetry for the case of
the general N case depicted in Fig. 1. For a more detailed
discussion see App. B.
After integrating out the elementary partners, the ef-
fective Lagrangian in momentum space has the form (we
neglect the gauge covariant kinetic terms for simplicity)
Lefft = Ψ¯qL/pΠq0ΨqL + t¯R/pΠt0tR −M t1Ψ¯qLΣtR
+
(
qL, tR,M
t
1 → q˜L, t˜R,−M t1
)
+ h.c., (22)
where
Σ ≡ Σ′V ′UV = U3V =
 0s3h0
c3h
 (23)
and the form factors are
Πq,t0 = 1−
2L,Rf
2
p2 −M2 , M
t
1 =
LRf
2M
p2 −M2 . (24)
6We see that as expected maximal symmetry forbids the
Higgs dependent terms in the effective kinetic terms and
the Yukawa terms are proportional to s3h or c3h. Since
the form factors in the top and twin top sectors are equal,
the Z2 exchange symmetry can be easily checked by the
transformation of Σ under Z2 exchange operator P ,
Σ→ −PΣ = Σ(s3h ↔ −c3h), (25)
where the minus sign arises from the commutator
[P, V ′] = −1. Hence the effective Lagrangian is invariant
under the exchange symmetry between the top and the
twin top and Higgs TP, s3h ↔ −c3h. Thus the Higgs
potential at one-loop level must also be invariant under
this TP. The Z2 symmetry can be explicitly seen from
the expansion of effective Lagrangian in terms of t and t˜,
Lefft = t¯L/pΠq0tL + t¯R/pΠt0tR + b¯L/pΠq0bL
+ ¯˜tL/pΠ
q
0t˜L +
¯˜tR/pΠ
q
0t˜R +
¯˜
bL/pΠ
q
0b˜L
+
M t1√
2
t¯LtRs3h − M
t
1√
2
¯˜tLt˜Rc3h + h.c. (26)
The top mass can be extracted from the above La-
grangian,
mt =
LRf
2M√
2MLMR
s3h ≡ y′tfs3h, (27)
where ML,R =
√
2L,Rf
2 +M2 are the top part-
ner masses. As explained before, for realistic VEVs
3〈h〉/f  1, the relation between y′t and SM top Yukawa
is yt ≈ 3y′t. The Higgs potential from top and twin top
loops is given by
Vf = −2Nc
∫
d4pE
(2pi)4
log
[
1 +
|M t1|2
2p2EΠ
q
0Π
t
0
s23h
]
+ (s3h → −c3h), (28)
where Nc = 3 is the number of QCD colors. The Higgs
potential at O(y′2t ) is proportional to s23h + c23h and can-
celled by Higgs TP. Thus the leading order Higgs poten-
tial is at O(y′4t ) and can be parameterized as
Vf ≈ γf (s43h + c43h), (29)
where
γf =
Nc
(4pi)2
∫ ∞
m2t
dp2Ep
2
E
( |M t1|2
2p2EΠ
q
0Π
t
0
)2
. (30)
IV. EWSB AND FINE TUNING
In this section we discuss the Higgs potential of our
N = 3 benchmark model and the resulting pattern
of EWSB. We find that there is essentially no tuning
needed to achieve realistic EWSB with heavy top and
gauge partners, thanks to our novel N-suppression mech-
anism. We want to also emphasize again that while our
N-suppression is based on a twin-Higgs like scenario in
the presence of maximal symmetry, it has an important
difference from the ordinary twin Higgs models. In the
ordinary twin Higgs models one always needs a source of
explicit Z2 breaking in order to produce realistic EWSB.
However here the softening of the Higgs potential due to
the N-suppression will allow us to build a model where
the Z2 symmetry is exactly preserved both in the fermion
and gauge sectors [23].
Based on our discussion of the fermion sector in Sec.III
as well as the gauge sector in App. A, the leading contri-
butions to the Higgs potential in our N = 3 model can
be parametrized as
V (h) = γf (s
4
3h + c
4
3h)− γg(s4h + c4h), (31)
where γg,f > 0 and their actual expressions can be easily
estimated from Eqs. (30) and (A10):
γf ' c′f
Ncy
′4
t f
4
(4pi)2
ln
M2f
m2t
, γg ≈ c′g
9f4g4
1024pi2
(
ln
32m2ρ
m2W
− 5
)
,
(32)
where Mf is a typical top partner mass scale and mρ is
the gauge partner mass, c′f,g are O(1) numerical parame-
ters. When calculating the minimum of the potential, we
find that for a realistic EWSB one needs 9γf − γg > 0.
Then the minimum of this potential is at
ξ ≡ 〈s2h〉 =
1
2
− 1
2
√
1
2
+
1
4
√
1 +
γg
3γf
, (33)
and after EWSB the physical Higgs mass is given by
m2h =
4(9γf − γg)
√
1 +
γg
3γf
f2
. (34)
Because of the N suppression, the fermion contributions
Vf can automatically produce a small Higgs VEV,
3〈h〉
f
=
pi
4
⇒ ξ ≈ ( pi
12
)2. (35)
However, we have seen that in order to reduce the de-
viation from top Yukawa coupling (yt ≈ 3y′t), the Higgs
VEV is required to satisfy 3〈h〉/f  1. To achieve this
we need to rely on the contributions from gauge sector
to partly cancel Vf . Since the Higgs potential is only
logarithmically dependent on the partner masses, this
cancellation actually doesn’t introduce tuning into the
potential. The tuning can be calculated as
∆ =
∣∣∣∣ ∂ ln ξ∂ lnmρ
∣∣∣∣ ≈ 1
ln
m2ρ
m2W
( 3
32ξ
− 1
)
. (36)
We can see that the tuning is suppressed by the addi-
tional factor
(
1/ log
m2ρ
m2W
)
compared to ordinary Twin
7Higgs/neutral naturalness models. This is the conse-
quence of the fact that in our model the Z2 symme-
try is never explicitly broken. Hence in our model no
quadratic dependence on the partner masses is ever rein-
troduced, leaving the very mild logarithmic sensitivity.
Hence for our model the tuning can be significantly sup-
pressed if the gauge and top partners are heavy. In ad-
dition, since the Higgs potential is not sensitive to the
partner masses, the Higgs mass itself will also be insen-
sitive to them, thus heavy partners can be achieved with
a light Higgs. For example fixing ξ = 0.1/32, mh = 125
GeV and mt = 150 GeV and using Eqs.(32)-(34), we
find a roughly estimation of the partners mass scale are
around Mf ∼ 3 TeV, mρ ∼ 5 TeV without much tuning
∆ ' 1. We also show the numerical values of the tuning
in this model for ξ = 0.01 in Fig.2 using the measure of
tuning from [21]. We can clearly see that no tuning is
needed: the N-suppressed twin Higgs model with TP is
fully natural.
For the N > 3 case, the s2h term in Vf is more sup-
pressed, so as we discussed before the vector meson mass
can not be as heavy as in the N = 3 case. In fact it gener-
ically turns out to be below the experimental bound for
the realistic case N〈h〉/f  1. Hence the N > 3 case is
not interesting: the tuning can not be significantly sup-
pressed and it is also already experimentally excluded
from the direct search bounds.
V. SO(8)V ′ BREAKING EFFECTS
An essential ingredient of the N-suppression mecha-
nism was the SO(8)V ′ maximal symmetry, which was a
result of the masses of the Ψ being proportional to V ′.
The s3h/c3h structure of the Yukawa couplings was a
consequence of this symmetry. However the gauge quan-
tum numbers of the fermions break this symmetry and
at two loop order will introduce corrections to the Higgs
potential that do not obey the s3h structure. Since these
fermions are all doublets of SU(2)L or SU(2)
′
L there
will be no corrections of this sort from the SU(2) sec-
tor. However the various components of Ψ have different
U(1)Y × U(1)′Y hypercharge/hidden hypercharge quan-
tum numbers which at one loop will result in a mass
shift that is not proportional to V ′, which will break the
SO(8)V ′ . However since these fermions mass corrections
are only logarithmically sensitive to the UV scale, if the
UV scale is not very high the SO(8)V ′ breaking effects
can be sufficiently small. As we discussed in Sec. III B,
the V ′ is expected to originate from the VEV of a com-
posite scalar, which should not be generated at scales
much higher than the partner masses, hence the scale
cutting off the log divergences should also not be too
high. Since the loop corrections from U(1)Y and U(1)
′
Y
are identical, we only focus on the corrections to the
fermion masses from ordinary hypercharge. The mass
shift that breaks SO(8)V ′ can be easily calculated from
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FIG. 2: Scatter plot in N-suppression twin Higgs model
SO(8)/SO(7) for ξ = 0.01. The range of the parameters
is taken as follows: mt ∈ [140, 170] GeV, M > 1.5 TeV and
mρ > 2.5 TeV. Top: in left panel fine tuning ∆ as a function
of M and in right panel as a function of mρ for mh ∈ [120, 130]
GeV. Bottom: Scatter plot of tuning ∆i for various input pa-
rameters xi, M(blue), L(green) and mρ(red), as a function
of mh.
a self-energy diagram:
δM ≈ ((7
6
)2 − (1
6
)2)
3g′2
(4pi)2
M log
Λ2
M2
, (37)
where 7/6 and 1/6 are the Hypercharges of the two
fermion doublets in the 4 of SO(4)1 ⊂ SO(8) and Λ is
the UV cut-off. Numerically we can estimate for Λ = 100
TeV and M = 4 TeV, the ratio δM/M ≈ 0.02 hence as
expected the SO(8)V ′ breaking effects can indeed be very
small, of the size of a typical loop factor. Once these max-
imal symmetry breaking terms are generated at one loop,
they will feed into the Higgs potential yielding two loop
contributions that will not be 1/N suppressed. Since the
one-loop contributions are 1/N suppressed, these two-
loop contributions can give a significant fractional cor-
rections to the entire Higgs potential. However, the most
important point is that both the one-loop and the two-
loop corrections themselves are very small, the one loop
because of the N-suppression, and the two loop just be-
cause it is already at two loops.
Let us estimate the leading two-loop correction from
the δM effects. These will change the effective top
8Yukawa couplings to take the form
M t1√
2
t¯LtR(s3h +
δM
M
sh) +
M t1√
2
¯˜tLt˜R(−c3h + δM
M
ch) + h.c.
(38)
The resulting leading SO(8)V ′ breaking contributions
in the Higgs potential proportional to δM will arise at
O(y2t ) in top Yukawa coupling and can be parametrized
as
V2−loop ' −c′t
32Ncy
′2
t f
2M2
(4pi)2
δM
M
s2h, (39)
where c′t is an order one positive number.
While this correction can be sizeable in comparison to
our leading N-suppressed term (for example for M = 4
TeV and Λ = 100 TeV, V2−loop is around 30% of the
Higgs potential at one-loop), the important point is that
overall this is still a very small correction to the Higgs
potential which will not significantly increase the tuning
needed in the theory. For the above example point we
find tuning of order ∆ ∼ 3. Increasing to M = 10 TeV,
V2−loop will become the same order of magnitude as our
one-loop term, and result in tuning around ∆ ∼ 10 for
ξ = 0.01. The next contribution at two-loop level is at
O(y2t g4) which is less than 10% of the one-loop potential
and thus can be safely neglected. Thus our one-loop N-
suppressed Higgs potential is stable against these two-
loop corrections, and no large tuning is needed as long
as the bare mass is not very big and the UV cut-off scale
not too high.
VI. CONCLUSIONS
We have introduced the N -suppression mechanism for
THM’s where the exchange symmetry in the fermion sec-
tor acts as an N -trigonometric parity. The main conse-
quence is the 1/N2 suppression of the quadratic term in
the Higgs potential, leading to a natural EWSB model
without tuning, while leaving the Z2 symmetry intact.
The mechanism for N = 2n + 1 can be simply imple-
mented by introducing n Dirac fermions with maximal
symmetry for each of them, along with some discrete
symmetries forbidding unwanted mixing terms. We have
presented the N = 3 benchmark model in detail. Since
all dependence on the partner masses is logarthmic, the
one-loop Higgs potential is very mildly senitive to them,
and we can obtain very small values of ξ ∼ 0.01 with
partner masses Mf ∼ 3 TeV and mρ ∼ 5 TeV. At two
loops we find N -suppression violating gauge corrections,
however these can be sufficiently small as long as the
fermion masses and the cutoff scale are not too large.
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Appendix A: The Gauge Sector of the Twin Higgs
Model
In this Appendix we review the structure of the gauge
sector of our model. It turns out to be almost identi-
cal to the structure of ordinary SO(8)/SO(7) two-site
THM’s, with the added complication that the SO(8)2
gauge symmetry at second site is broken by two scalars:
one in the symmetric representation of SO(8)2 with VEV
V and the other one in the fundamental representation
of SO(8)2 with VEV V, which will result in additional
uneaten NGBs. However these additional NGBs can get
heavy masses from operators that explicitly break their
shift symmetry (see App. B) and can decouple at low en-
ergies where the gauge sector will be identical to those
of ordinary two-site SO(8)/SO(7) twin Higgs model as
in Fig.3. Without losing generality, in the following, we
can just use the ordinary two-site model to calculate the
gauge contributions to the Higgs potential. At the first
(elementary) site, the SM SU(2)L ×U(1)Y and the twin
SU(2)′L × U(1)′Y gauge groups are embedded in SO(4)1
and SO(4)2, where the SO(4)1,2 subgroups acts on the
first (last) four indices of SO(8)1. The U1 link field in
the bi-fundamental representation of the global symme-
try connects the two sites. At the second (composite)
site we gauge the entire SO(8)2. In order to realize the
SO(8)/SO(7) coset space, this gauge symmetry should
be broken by a scalar in the fundamental representation
of SO(8)2 with VEV V, leading to a nonlinear sigma field
U ′ of the SO(8)2/SO(7) coset. Since the SO(8)2 gauge
symmetry is broken, some NGBs will be eaten by the
SO(8)2 gauge bosons which become massive. The un-
eaten NGBs are contained in U ≡ U1U ′ which describes
the SO(8)1/SO(7) coset. The twin gauge symmetry is
broken by the global symmetry breaking VEV V to the
twin U(1)′em and the EW gauge symmetry is broken by
the pNGB Higgs VEV to the ordinary U(1)em. After
EWSB the only uneaten NGB is the physical Higgs bo-
9son contained in U . We parametrize the NGB fields as
U1 = Exp(
ipia1T
a
f
), U ′ = Exp(
ipiaˆ2T
aˆ
f
), (A1)
where the T a’s are the SO(8) generators while the T aˆ’s
are the broken generators in the SO(8)/SO(7) coset, with
the normalization Tr[T aT b] = δab. The Z2 invariant
gauge interactions of these NGB fields have the form
Lg = f
2
2
Tr[DµU1(D
µU1)
†] + f2(D′µH′)†D′µH′
− 1
4
Tr[ρµνρ
µν ]− 1
4
W aµνW
µν,a − 1
4
BµνB
µν
− 1
4
W˜ aµνW˜
µν,a − 1
4
B˜µνB˜
µν , (A2)
where H′ ≡ U ′V is the linearly realized sigma field and
the ρµ = ρ
a
µT
a are the SO(8)2 gauge bosons. The co-
variant derivative is DµU1 = ∂µU1− i[g(AaµT aL+A˜aµT˜ aL)+
g′(BµT 3R + B˜µT˜
3
R)]U1 + igρU1ρ
a
µT
a and D′µH′ = ∂µH′ −
igρρ
a
µT
aH′, where T aL(T˜ aL) and T 3R(T˜ 3R) are the SM and
twin generators embedded into the SO(8). Notice that
the Z2 symmetry requires the gauge couplings of the SM
and twin sectors to be equal. One can easily check that
the Lagrangian (A2) is invariant under the Z2 exchange
symmetry defined as
Aµ ↔ P A˜µP, U1 → PU1, U ′ → U ′P0
⇒ Aaµ ↔ A˜aµ, Bµ ↔ B˜µ, sh ↔ ch, (A3)
where Aµ ≡ gAaµT aL + g′BµT 3R, A˜µ ≡ gA˜aµT˜ aL + g′B˜µT˜ 3R
and
P =
(
14
14
)
, P0 =
 13−1
13
1
 . (A4)
This Z2 is just an exchange symmetry between the SM
EW and its twin sector which includes the Higgs trigono-
metric parity (TP), so the Higgs potential induced by the
gauge sector must be TP invariant. After integrating out
the heavy resonances at tree level, the SO(8)1 invariant
effective Lagrangian at leading order in gauge fields can
be expressed as (in momentum space)
Leffg =
Pµνt
2
[
− p2(W aµW aν +BµBν)
+ Π0(p
2)Tr[AµAν ] + Π1(p
2)HTAµAνH
+
(
W aµ , Bµ, sh → W˜ aµ , B˜µ, ch
)]
, (A5)
where H = UV, Pµνt = gµν − pµpν/p2 is the projector
on transverse field configurations and Aµ = gW
a
µT
a
L +
g′BµT 3R. The expression of the form factors Π0,1 are
Π0 =
p2f2ρ
p2 −m2ρ
, Π1 = f
2 +
2p2f2a
p2 −m2a
− 2p
2f2ρ
p2 −m2ρ
.(A6)
SO(8)1
U1
SO(8)2/SO(7)
elementary composite
FIG. 3: Two site model for the SO(8)/SO(7) gauge sector.
The EW and twin EW gauge bosons mass can be ex-
tracted from the effective Lagrangian:
mW =
gf
2
sh, mZ =
mW
cos θw
, mW˜ ,Z˜ = mW,Z(sh → ch),
(A7)
where θw is the Weinberg angle. The TP invariant Higgs
potential after integrating out the gauge bosons from
Eq. (A5) is
Vg =
3
2
∫
d4pE
(2pi)4
(
2log
[
1 +
Π1
ΠW0
s2h
4
]
+ log
[
1 + (
Π1
ΠW0
+
Π1
ΠB0
)
s2h
4
])
+ (sh → ch), (A8)
where ΠW0 = −p2/g2 + Π0 and ΠB0 = ΠW0 (g → g′). Since
the Higgs potential is invariant under TP, the O(g2) cor-
rections to the potential will be proportional to s2h + c
2
h
and thus vanish. Thus the leading order Higgs potential
is at O(g4) proportional to s4h + c4h and has the form
Vg = −γg(s4h + c4h), (A9)
with
γg =
9
64(4pi)2
∫ ∞
m2W
dp2Ep
2
E
Π21
(ΠW0 )
2
, (A10)
where we neglected the hypercharge gauge coupling g′.
Appendix B: The discrete symmetries for general N
In this final Appendix we show how to assign the dis-
crete symmetries in the general case to ensure we only
get the right mixing terms of Fig. 1 needed for the N-
suppression.
L =
n∑
i=1
MiΨ¯i,LV
′Ψi,R + y0fΨ¯qLΣ
′Ψ1,R
+
n−1∑
i=1
yifΨ¯i,LΣ
′Ψi+1,R + ynfΨ¯n,LHtR. (B1)
We assume that each elementary fermion Ψi as well
as qL and tR is odd under its own Z
i
2 symmetry (with
i = 0 corresponding to qL and i = n+ 1 to tR). This will
ensure that none of the elementary fermions can directly
mix with each other.
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Next we show how they will mix via Yukawa cou-
plings. We assume that the SO(8)/SO(7) coset space
can be realized through the two-site model in Fig. 3.
Each site has a global SO(8) and the SO(8)2 at the
second site is fully gauged. The link field U is in the
bi-fundamental representation of SO(8)1 × SO(8)2. At
the second site, there are n scalar fields Φi (i = 1, . . . , n)
which are in the symmetric representation of SO(8)2 and
a scalar Φ′ which is in the fundamental representation of
SO(8)2. These scalars break SO(8)2 to SO(7) with VEV
Vi = diag(17,−1) and V = (07, 1). We also assume Φi is
odd under Zi−12 × Zi2 and Φ′ is odd under Zn2 × Zn+12 .
The uneaten NGBs then can be described by the linearly
realized sigma field Σ′i = UΦiU
† and H = UΦ′ trans-
forming under SO(8)1 as Σ
′
i → gΣ′ig† and H → gH with
g ∈ SO(8)1. Now we can see that the Σ′i and H are odd
under Zi−12 × Zi2. Since there are n + 1 sets of uneaten
NGBs in the coset space SO(8)1/SO(7), we can add mass
terms for the n sets of NGBs in the form
n−1∑
i=1
f2i (Tr[Σ
′
iΣ
′
i+1])
2 + f2n(H†Σ′nH)2. (B2)
So finally find that only one set of the NGBs is massless
which results in Σ′i = Σ
′
i+1 = ... ≡ Σ′ and this can play
the role of the SM Higgs. Since the Ψi is odd under Z
i
2
and Σ′i is odd under Z
i−1
2 × Zi2, the ZN2 invariant terms
will be
L =
n∑
i=1
MiΨ¯i,LV
′Ψi,R + y0fΨ¯qLΣ
′
1Ψ1,R
+
n−1∑
i=1
yifΨ¯i,LΣ
′
i+1Ψi+1,R + ynfΨ¯n,LHtR. (B3)
This was we find that the interactions of the massless
NGBs are exactlt as expected in Eq. B1.
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